 Two methods of preparation of graphene/PEEK nanocomposite powders for Laser Sintering (LS) are proposed.  The presence of graphene delays the start of the coalescence process by at least 10 s.  Thin composite film is an attempt to replicate the thin layer formation of LS.  The thermal stability, mechanical and electrical conductivity property can be enhanced with the addition of graphene.
A Primary Study into Graphene/Polyether Ether Ketone (PEEK)
Nanocomposite
Introduction
As more polymeric materials are being developed for powder bed additive manufacturing [1, 2] , the interest in multi-functionality through the addition of various fillers and nanoparticles is growing. The methods of introducing these fillers and nanoparticles into the plain polymeric powder and their impact on the properties of parts represent an important area of research. Aspects such as particles shape [3, 4] , fillers interaction with the polymeric powder (agglomerating or acting as a flow aid) [5] , cost-effectiveness of the method, or the health and safety [6, 7] of these nanocomposite powders requires better and more systematic research.
Melt compounding followed by milling is one of the most frequently used strategies of creating composite powders for Laser Sintering (LS) [8] [9] [10] . However, the success of this strategy is dependent on a combination of factors such as: 1) the polymeric material used; 2) the bulk density of the compounded material; and 3) the milling method employed. As previously shown in several studies [8] [9] [10] [11] [12] [13] , the milling process can significantly affect the shape, morphology and flow of the powder obtained. The bulk properties of a cryogenically ground polyurethane powder were analysed and compared to a standard polyamide 12 LS material [10] . The authors found that their cryogenic milling method could not produce powders with suitable morphology for laser sintering [10] . High performance materials such as Polysulfone (PSU) and Polyether ether ketone (PEEK) have also been investigated and it was shown that it is possible to mill these materials to fine powders [8, 14] . Rotor milling could successfully produce PSU particles with the desired size (51.8 ± 15.2 μm) and morphology; but ball milling could cause severe degradation and only produce angular PSU particles well below the target size range [8] . In addition, two milling processes based on disc blades and rotatory cutting knives were applied for the fabrication of PEEK powders [14] .
The rotary milling produced PEEK powders with superior properties in comparison with the disc milling method.
However, this strategy of melt compounding followed by milling, is highly energy intensive and therefore can become costly. Also, in some cases, excessive processing of the materials (either the polymer or the nanoparticle) can lead to changes in their structure and ultimate performance. For these reasons, the present study is investigating the performance of graphene/PEEK composite powders through a dry and wet method with minimum impact on the raw materials.
Wang et al. [15] used dry mixing for preparation of the PEEK/graphite platelets composites. They reported that the in-plane graphite platelets aligned along the X-Y plane and therefore improved the tensile strength [15] . PEEK with 5% graphite platelets composites exhibited the highest tensile strength comparing with the other samples in different graphite platelet percentages [15] . However, care should be taken when choosing to use the dry mixing method as the introduction of certain materials such as carbon fibres can lead to an alignment of the fibres in the x-y plane which can increase performance in the plane but present a significantly low performance in z direction [16, 17] . For example, CarbonMide, a carbon fibre reinforced Polyamide 12 powders from EOS [18] , has a tensile strength in x direction of 72 MPa, and y direction of 56 MPa. But the tensile strength in z direction is as low as 25 MPa [16] . These studies show that size, shape, and aspect ratio of matrix powder or reinforcement are very important in powder bed additive manufacturing processes. Wet methods based on dispersion of solids into liquids under ultra-sonication represent another way of preparation of composite powders. The ultrasonic cavitation generates high shear to break particle agglomerates [19] . Paggi et al. [20] reported the use of multiwalled carbon nanotubes (MWCNTs) into polyamide 12 powder through a wet method by ultrasound in chloroform. The materials exhibited enhanced mechanical properties with a limited amount of MWCNTs (1.70 %wt) [20] .
Experimental

Materials
Victrex PEEK 150PF powders were supplied by Victrex UK [21] . The melting point of PEEK 150PF is 343 °C and the glass transition temperature is 143 o C. The typical processing temperature of PEEK 150PF is 380-400 °C [22] . 2-DTech Graphene NanoPlatelets (GNP) provided by Versarien UK [23] . These GNP flakes are below 10-layer carbon thickness.
Composite powder preparation
Two methods of preparation of the composite powders have been used; referred to in the paper as the wet and dry mix. In wet mixing, a suspension of GNP (0.1, 0.5, 1, 5, and 10 wt%, respectively) and ethanol was firstly ultrasonicated for 30 mins to allow a good dispersion of GNP into the solvent; PEEK150PF powder was added to the GNP suspension, which was then subject to an additional sonication for another 30 mins.
The suspension was further stirred on a hot plate (80 o C) for 2 hrs. The powders were left to deposit and solvent to evaporate and the final dry product was collected from the bottom of the beaker. For dry mixing, PEEK150PF powder and GNP (0.1, 0.5, 1, 5, and 10 wt%, respectively) were mixed by an EOS electric powder mixer for 6 hrs.
Film preparation
The mixed powders prepared by wet and dry mix were first spread evenly on a glass slide (Fisherbrand microscope slides, 0.8-1mm thickness), the layer of powder was heated and melted on a hotplate (V14160 Bibby HC500 hotplate) at 400 °C for 5 mins. Its thickness was controlled using an in-house built doctor blade rig. No glass cover was applied on top of the powder. The molten film on the glass slides was quickly transferred to another hot plate and isothermally crystallized at 300 °C for 30 mins [24] .
Hot Stage Microscopy
Hot-stage microscopy was used to simulate the coalescence behaviour of nanocomposite powders in comparison with plain PEEK powders. Plain PEEK, 0.1% GNP/PEEK, and 1% GNP/PEEK (by weight) powders were spread on a microscope glass slide and then inserted into the hot-stage device. The powders were heated from room temperature up to 400 °C at a heating rate of 120 °C x min -1 and maintained for 2 mins.
PEEK 150PF had a coalescence onset temperature of 340 °C, and the starting temperature was set at 320 °C. [25] Four tests were carried out for each material. The ratio of neck length (x) to the average particle diameter (D) of two particles (D1 and D2) was measured [25] . 
X-Ray Diffraction (XRD)
X
Scanning Electron Microscopy (SEM)
SEM images of the samples were recorded using a Philips XL-30 scanning electron microscope in a high vacuum mode and at an acceleration voltage of 20 kV. Samples were mounted using a conductive carbon double-sided tape. A thin (ca. 5 nm) coating of gold was sputtered onto the samples to reduce the effects of charging.
Transmission Electron Microscopy (TEM)
For TEM, the films were trimmed to the shape of a pyramid with the tip faced off to an area of approximately 0.3 x 0.3 mm. TEM samples with thicknesses of approximately 100 nm were sectioned in a microtone (Ultracut, Reichert-Jung, USA) from the pyramidal tip.
The TEM specimens were placed on copper grids for analysis. The TEM images were captured using a Jeol JEM 1400 at an acceleration voltage of 120 kV.
Thermogravimetric analysis (TGA)
TGA was performed on one specimen per treatment using a Mettler-Toledo TGA/DSC1 Thermogravimetric Analyzer. The specimen (10 mg) was heated in an alumina crucible from 25 to 900 °C at 10 °C min -1 under air for thermal oxidative stability and air flow of 50 ml x min -1 .
Differential Scanning Calorimetry (DSC)
Thermal properties of powders were analysed by the Mettler Toledo DSC 821e/700 system. Samples of approximately 5mg were heated from room temperature to 400°C and cooled back to room temperature at a heating and cooling rate of 3°C x min -1 with nitrogen flow of 50 ml x min -1 . These testing settings are believed to better represent the cooling mechanism during the laser sintering process [25] . Evaluation of crystallinity content and crystallisation kinetics was performed using the crystallisation region of the DSC thermoscan in order to determine the crystallisation properties and infer the mechanical performance.
Details of the analysis can be found elsewhere [26] .
Raman spectra
Raman spectra of 2-DTech Graphene Nano-Platelets (GNP) were measured by He-Ne (632.8nm) laser using a Labram 300 system.
Mechanical test
Tensile testing experiments were performed using a LLOYD instrument EZ20 mechanical testing machine at room temperature (20 °C). The testing procedures detailed in the paper of Yuan et al., [24] were followed: The testing speed was equal to 20 mm x min -1 and the gauge length was 15 mm [24] . 20 samples were prepared and tested for pristine PEEK film and each of GNP/PEEK films. The stress at maximum load (MPa), percentage strain at maximum load, and their corresponding standard deviations were evaluated.
Resistivity measurements
The resistance was measured using a Keithley 616 Digital Electrometer. The tested samples measured 3 x 3 x 0.3 mm in size. The pressure applied on the tested samples is fixed as 0.1 MPa at room temperature, as the resistance could be varied under different applied pressures and temperatures [27] .
The electrical resistivity can be calculated from the following equation:
where ρ is the electrical resistivity, R is the measured resistance, A is the cross-sectional area of the specimen, and L is the length of the specimen. The electrical conductivity, σ, is the inverse of resistivity.
Surface measurements
The surface roughness of the GNP/PEEK films at 0.1 and 1wt% GNP was evaluated using a Taylor 
Results and discussion
Powder study
The Raman spectrum (Fig. 1) shows that the symmetry of the 2D band (~2700 cm -1 ) is comparable with other reported few layer graphene materials [28] . This suggests that the graphene product is less than 10 layers in thickness. To evaluate the dispersion of GNP in the PEEK powders, SEM images were taken prior to film formation. It is shown that GNP is well dispersed amongst the PEEK particles under lower GNP weight percentage (0.1 and 1 wt%), but GNP tends to aggregate under higher concentrations (e.g. 10 wt%). The flat layers of GNP sheets in graphite can be observed in Fig. 2c and 2f . The two methods of composite powder preparation revealed that GNP "coats" the PEEK particles in both cases. The wet mixing method seems to provide a better dispersion of GNP and less aggregation due to the ultrasonication process (see Fig. 2 ). The differences can be seen better at the higher concentrations of GNP. Fig. 3a shows the % crystallisation over time for PEEK, 0.1, 1 and 10 wt% GNP/PEEK. Interestingly, PEEK and 0.1 wt% GNP/PEEK complete their crystallisation in 10 minutes, followed by 10 wt% GNP-PEEK completing it in 18 minutes and 1 wt% GNP-PEEK in 22 minutes. The fact that PEEK and 0.1 wt% GNP/PEEK show a crystallisation time within the same time interval means that 0.1 wt% GNP/PEEK powder can be processed in laser sintering using similar settings as PEEK. It can be noted that the higher loading of GNP in PEEK slows down the crystallisation mechanism by 2.5 minutes although achieves the highest % crystallisation. These observations are very important for the cooling phase and the overall build duration of the laser sintering process. Fig. 3b shows the rate of crystallisation for the plain PEEK and the three GNP/PEEK grades selected in Fig 3a. The first derivative curves show that 0.1 wt% GNP/PEEK start to crystallize earlier than PEEK; while 10 wt% GNP/PEEK has the slowest rate of crystallisation.
The particle coalescence of 1wt% GNP/PEEK and 10wt% GNP/PEEK is shown in Fig. 4 and 5, respectively. The black dots noticed on the surface of the melted, translucent particles represent the graphene nanoplatelets. The ratio x/D of the measured powders is plotted against the neck formation time (Fig. 6). Fig 6a to 6c show the coalescence process of GNP/PEEK particles at 0.1, 1 and 10 wt% GNP. For each GNP/PEEK concentration presented in Fig 6 , three repeats were included to show the variation recorded throughout the test and measurement. Compared with PEEK powders, GNP/PEEK particles exhibit a different curve shape, the initial part of the coalescence process is slower followed by a faster change in neck growth. This change could be due to the thermal conductive property of the GNP in the PEEK particles. This observation is consistent with our previous work on encapsulated carbon fibre (Cf) and carbon black (CB) poly aryl ether ketones (PAEK) powders [14] . When comparing the neck growth plots of GNP/PEEK of different concentrations in Fig. 6d , there wasn't a clear correlation between the increase of % GNP and the start and rapid increase in neck growth. However, based on previous results on Cf and CB and results presented here in Fig. 6a-c , it can be concluded that the presence of carbon micro and nano fillers delays the start of the coalescence process by at least 10 s. This is a very important observation for laser sintering, as new build strategies will have to be set up to consider such delays during layer by layer deposition.
GNP/PEEK film study
For a comparative study, thin-film samples (250 μm thick) of PEEK and GNP/PEEK composite fabricated using the wet and dry dispersion methods were prepared and fully characterised for their mechanical, thermal, and electrical properties.
In Fig. 7, the [29] . The XRD data shows also the graphitic peak of GNP at 26.3 o ; attributed to the (002) planes of GNP [30] . This typical peak of GNP was present in all composites compositions. No new peaks appeared, indicating that no significant reaction happened between PEEK and GNP during melting and crystallisation phases. The intensity of GNP peak increased with the increase of GNP. Analysis into the polymer crystal morphology showed that based on the peak position of crystal planes and full width at half maximum intensity (FWHM), the lamellar thickness varied between 13 and 15 nm (shown in Table S1 ). These results show that the amount of GNP does not affect the lamellar thickness significantly. (Fig. 8c) has the similar surface morphology as PEEK (S0). Interestingly, S0.1-wet (Fig.   8b ) shows much smoother surface compared to that of pure PEEK and S1-wet, with less voids and cavities. The wt% GNP influences the surface roughness of the film, an important parameter for this study and its potential use as a laser sintering feedstock material.
Interactions between GNPs and PEEK particles can lead to cavities and surface imperfections further affecting the mechanical and electrical properties of films. Surface roughness tests measured by means of Talyscan have been carried out to confirm the SEM observations. The surface roughness results are shown in Table 1 .
The S0.1-wet samples have the lowest Ra value indicating the smoothest surface. The surface morphology shows that the presence of GNP flakes helps heat conduction through the film and formation of smoother surfaces. This is specifically improved at 0.1wt% GNP due to possibly good GNP dispersion and interaction with the PEEK particles. At a higher wt% GNP, such as 1wt%, the nanoparticles start to agglomerate and therefore lead to a rougher surface.
The dry-mixed films, S0.1-dry and S1-dry (Fig. 8d and e ) present rough surfaces with voids and cavities. The wet method allowed the GNP flakes to adhere better to the PEEK particles than the dry mixing. In addition, the introduction of the GNP through dry mixing might have changed the permeability of the powder and created a less dense composite powder. Berretta et al., noticed that there is a good correlation between the quality of the powder (morphology and flow) and the surface roughness of 10 layers of sintered powder [31] . Poor powder flow led to a rougher surface with pores and cavities.
For a detailed morphological study of GNP-PEEK nanocomposites, Fig. 9 shows the TEM images of the microtome-cut S0.1-wet and S5-wet films. As shown in Fig. 9a , spherulitic crystal structure can be observed in S0.1-wet, which is in consistent with the pure PEEK [32] . GNPs were homogeneously dispersed in the matrix and in many cases the GNP were located in the centre of crystal, presumably acting as nucleation point during crystallization. Rong et al. suggested carbon nanotubes had the similar function for PEEK [33] . Under high magnification (Fig. 9b) , thin layers of GNP embedded into matrix can be observed. While for S5-wet, the GNP were randomly oriented and dispersed into the PEEK matrix (Fig. 9c) . At high concentrations, the GNP tend to fold and aggregate together because of its high loading (Fig. 9d) . The S0.1-dry and S5-dry films (Fig. 9g and h ) exhibit similar morphology to S0.1-wet and S5-wet films.Thermal oxidative stability of studied materials was measured by TGA. As shown in Fig. 10 , the thermal oxidative decomposition of PEEK is a two-step process [34] . The GNP/PEEK composites exhibited a similar two-step process. The first step of thermal decomposition can be attributed to the random chain scission of the ether and ketone bonds [35, 36] , while the second decomposition step can be attributed to thermal oxidisation of all the carbonaceous material [34] . The onset of thermal oxidative decomposition for all studied materials is similar, 540°C. All composite materials and plain PEEK grade lost approximately 30 % weight in the first stage of thermal oxidative decomposition. The difference between the concentrations of GNP/PEEK appears in the second stage possibly due to the oxidation of GNP. A possible explanation is that GNP with lower content (≤1 wt%) promotes the oxidative decomposition, as GNP are thermally conductive thus enhancing the heat adsorption; but GNP with higher content (≥ 5 wt%) could retard the oxidative decomposition, due to its high thermal stability [37, 38] .The typical stress-strain curves obtained from the PEEK and GNP-PEEK nanocomposites are presented in Fig. 11 . It shows that GNP can improve the mechanical properties of PEEK and the level of reinforcement depends on the GNP content and powder mixing method. Fig. 12 shows the stress at maximum load and percentage strain at maximum load. The pure PEEK has a stress at maximum load of 82.6 ± 16.8 MPa. For wet mixed samples, the addition of 0.1%, 0.5% and 1% GNP led to 17%, 23%, and 12% increase in stress at maximum load. The dry mixed samples had a 25%, 21%, and 9% increase in stress for the same GNP concentrations: 0.1; 0.5 and 1%. However, a further increase of GNP to 5 wt% GNP led to a reduction of up to 48%. As generally noticed in many studies, the introduction of nanomaterials and fillers tends to lead to a decrease in ductility. However, in this study, at low loadings of GNP (0.1 wt% and 0.5 wt%), the percentage strain at maximum load was increased up to 33%. In addition, the toughness of S0.1-dry had an increase of up to 38%. These results are consistent with the study of Wang et al., where the authors reported GNP are efficient in toughening polymers at significant low loadings [39] . Similarly, Díez-Pascual et al., [40] reported an increase in toughness of PEK/CNT (polyether ketone/carbon nanotube) composites at low loadings, when compatibilising agents and covalent grafting strategies had been used. Fig. 13 shows the SEM images of the fractured surfaces of PEEK and GNP-PEEK nanocomposites. The neat PEEK (Fig. 13a) shows the spherulitic crystal structure as well as the granular blocks previously noticed by Wang et al. [24, 32] . Fig. 13c shows the presence of partially pulled out GNP out of the matrix. This is an indication of weak interfacial bonding between the GNP and PEEK matrix, which results in low stress transfer and weak mechanical performance. The GNP used here did not receive any surface treatment. Potentially, an appropriate chemical treatment of GNP could improve the adhesion and wetting characteristics. Previous studies on CNT/PEEK composites showed that polymer grafting can be effective in improving dispersion and mechanical properties [40, 41] .
As graphene is known for its remarkable electron mobility, the electrical resistivity and conductivity of these composite films was tested and results are shown in Table 2 . As expected, the electrical resistivity decreases significantly with the increase of GNP %. As an insulator, the neat PEEK film (S0) has a high electrical resistivity of 3.9 ± 1.4 *10 9 Ω⋅m. For the composite films prepared using the wet method, the electrical resistivity reduces from 1.4 ± 0.2 *10 9 to 2.2 ± 0.1 Ω⋅m with the addition of GNP from 0.1 wt% to 10 wt%, while the electrical resistivity of films prepared through the dry mix, has values decreasing from 2.5 ± 0.2 *10 9 to 2.3 ± 0.1 Ω⋅m with the addition of GNP from 0.1 wt% to 10 wt%. It worth noting that there is a sharp change in electrical performance between 1 and 5 wt% GNP. It is possible that the GNP weight fraction required to reach the percolation threshold is within 1-5 wt% GNP.
In summary, Fig. 14 illustrates the changes in electrical resistivity, conductivity, stress and strain as a function of wt% GNP. The shaded regions represent the areas where GNP concentration gives the best performance for a specific property.
The results in Fig. 14 clearly show that depending on the property required, different wt% GNPs need to be added. In order for the GNPs to act as mechanical reinforcement, a concentration of 0.1 to 0.5 % wt is optimal. The SEM images of the nanocomposite powders and the films show a better dispersion and better adhesion of the GNP on the PEEK particles, as well as a smoother surface at 0.1wt% GNP, which is in agreement with the enhanced mechanical performance noticed in the films. In contrast, the 5 to 10 wt% GNP led to a decrease in tensile strength but enhanced significantly the electrical conductivity. The crystallinity results and coalescence data although not directly related with the above properties are important when using nanocomposite powders for laser sintering. For example, knowing the crystallisation behaviour of the nanocomposites at different wt% GNP helps to define the optimum bed temperature in the laser sintering system. In addition, the higher loading of GNPs led to the faster neck growth but delayed the start of the crystallization as shown by other studies [14] .
Conclusions
The fabrication of nano composite powders for laser sintering processes is an exciting route towards manufacture of lightweight structures with added functionalities. This paper presented two potentially cost effective preparation methods of GNP/PEEK powders. The SEM images show the homogeneous dispersion of GNP in the PEEK matrix under low GNP concentration (0.1 wt%). TEM images show that the GNP are at the centre of the spherulites, acting as a nucleation point during the crystallisation of PEEK. The hot stage microscopy highlighted a 10 to 20 second delay in the onset of GNP/PEEK nanocomposite coalescence compared with the plain PEEK, which is an important observation for laser sintering.
Unfortunately, the optimum wt% GNP differs for the different tested properties and so there is no on specific optimum wt%. The thin films exhibited enhanced mechanical properties within 0.1 -0.5 %wt GNP, whereas the electrical conductivity properties of the composite films were significantly improved by the addition of GNP within 1 -5 %wt GNP. This study provides a guide into nanomaterials properties required for laser sintering and defines methodologies suitable for understanding nanocomposite powders for laser sintering. 
